Introduction
Fibronectin, other cell-adhesion molecules, and their integrin receptors appear to play important roles in cell migration during embryonic development, tumour-cell invasion and metastasis, and wound healing (reviewd in [ 11) . Recent studies have defined critical peptide-recognition regions in fibronectin that are required for its interactions with cell-surface receptors. For example, the Arg-GlyAsp (RGD) sequence is important for the functioning of the central cell-binding domain of fibronectin [Z-41, while the Leu-Asp-Val (LDV) and Arg-GluAsp-Val sequences in alternatively spliced regions of fibronectin are involved in cell-type specific adhesion by derivatives of the embryonic neural crest and by certain lymphocytes [5, 61. Conversely, a variety of integrin receptors can mediate cell adhesion and migration on fibronectin and other extracellular molecules [7-131. We have applied site-directed mutagenesis and monoclonal-antibody analysis to examine the molecular mechanisms of cell-surface interactions with fibronectin. We have focused in detail on the central cell-binding domain of fibronectin, which mediates cell attachment, cell spreading, and migration of a wide variety of cell types.
Site-directed mutagenesis of fibronectin
A cDNA fragment encoding the entire central cellbinding domain of fibronectin was expressed in Escherichia coli using the Igt 1 1 -phage-expression system. The corresponding fusion protein was purified by affinity chromatography using an antifibronectin monoclonal antibody; it displayed cell-adhesive activity comparable with that of intact fibronectin and a previously characterized 75 kDa proteolytic fragment on a molar basis [14] . Mutations in the RGD sequence resulted in a loss of almost all cell-spreading activity, although the fusion proteins retained weak residual activity [ 141.
A series of 5'-truncated clones were constructed, and the activity of each clone was Abbreviations used: KGD, Arg-Gly-Asp; I,DV, Leu-AspVal. $Present address: Science University of Tokyo, Tokyo 162. Japan. measured. Although all of these fusion proteins had the RGD sequence, the shortest constructs showed low activity: adhesive specific activity was at levels comparable with that of a previously described 11.5 kDa proteolytic fragment [14] [15] [16] [17] . Interestingly, a more-detailed deletion analysis using finer stepwise truncations revealed a two-step decrease of activity between the longest and the shortest clones (Fig. 1 a; [15] ). This result suggested that there may be two important sites besides the RGD sequence in the 8th and 9th type-I11 repeats (labelled A and R in Fig. To avoid potential artifactual effects on activity, that might be associated with the progressive shortening of a polypeptide, a comprehensive series of overlapping internal deletions of identical size was introduced into the region between the 7th and the 10th type-111 repeats using an oligonucleotidebased, site-directed-mutagenesis method [ 181. Each of the deletions was designed to be equivalent in length to one type-111-repeating motif, in an attempt to avoid major structural effects. This experiment confirmed the existence of an apparent A subregion and a €3 subregion necessary for full activity, as indicated in Fig. 1 b by the grey bars. The deletions in the €3 site were quantitatively more important, resulting in a 95% or greater loss of activity [ 151.
a).

Monoclonal-anti body analyses of fibronectin
The importance of this region was further confirmed by protein chemical and immunological approaches. In previous studies using proteolytic fragments, a 75 kDa fragment had been the shortest polypeptide known to retain full cell-adhesive activity [16] . We found that a 37 kDa fragment generated by partial chymotrypsin digestion still retained full cell-adhesive activity. This fragment contained the A and the €3 sites as well as the RGD sequence [ 15, 191. A series of rat monoclonal antibodies was produced against this 37 kDa fragment to map functional regions. The binding sites of these antibodies were determined by e.1.i.s.a using the various mutated fusion proteins described above. The monoclonal antibody 16G3 mapped closest to the RGD site; this antibody was quite active for inhibiting cell spreading (Fig. 2) . In contrast, the antibodies Volume 19 Fig. 1 ). These results independently confirm the importance of both the RGD sequence and the synergistic H site.
The existence of an antibody that binds between these sites, but is not inhibitory, rules out simple steric interference as an explanation for the activity of the 3R8 antibody. The simplest explanation of these results is that the RGI) sequence and the synergistic region are needed for function, while a region between them can be complexed tightly by antibody without effect. T o summarize up to this point, extensive mutagenesis analyses in vitro have identified a 'synergistic region' that is important for the full celladhesive activity of fibronectin [14, 15, 191 . This region and the RGD sequence appear to interact synergistically to mediate cell-adhesion activity. The region consists of at least two subregions, of which the '€3' subregion is more important quantitatively. This result was independently confirmed by monoclonal antibody studies. Although the three-dimensional structure of these sites should be characterized further at atomic resolution (e.g. by X-ray crystallography or n.m.r. spectroscopy), our results strongly suggest that Volume 19 models for the integrin-fibronectin interactions based solely on simple, short peptide sequences should be re-assessed. The fibronectin 'synergistic' region may be a model for modulatory-polypeptide sequences present in other proteins that may provide not only full affinity of interaction with receptors, but also receptor specificity. For example, we speculate that other synergistic or helper regions may account for receptor specificity of the LDV sequence [6] , as well as for specificity of other RGD-containing proteins such as vitronectin, which can bind to receptors distinct from the a$,-fibronectin receptor (discussed further in [ZO] ).
lntegrin receptors
At least 20 distinct integrin receptors have been described to date, including at least 17 that are involved in adhesive interactions of vertebrates [4, [7] [8] [9] [10] [11] [12] [13] . The possible roles of integrins in mediating specific cell adhesion, cell migration, and assembly of an extracellular fibronectin matrix were explored using monoclonal antibodies against a and /3 subunits of certain integrins (see schematic summary in Taken together, these results suggest that even though some cells may use a single integrinreceptor system such as sip, for migration on fibronectin substrates, others may have a back-up system available that can substitute completely if this receptor system is inhibited; such redundancy may be valuable for ensuring that certain key embryonic cells migrate successfully.
By comparison, migration in collagen gels by a variety of human cells appeared to require the a$, integrin, and inhibition of the a,-containing fibronectin receptor had no effect [22] . Finally, migration of several cell types on laminin required a The pattern of localization of integrin receptors may influence their function in cell migration, although other factors are probably involved. Rapidly migrating embryonic cells display diffuse distributions of receptor [23] . As such cells mature and cease migration, however, they show a clustering of PI integrins into adhesion sites in association with fibronectin fibrils [ 1, 7, 8, 121 (see Fig. 3 , left side). Malignantly transformed fibroblasts show similar diffuse patterns [24 and references therein], which may also be due to a loss of fibronectin matrices.
A non-random distribution of PI integrins is also seen in certain epithelial cells, such as keratinocytes and endothelial cells [25-281. In these cells, however, the PI, a2 and a3 subunits accumulate at cell-cell junctions, rather than at sites of interaction with extracellular proteins. Anti-B, antibodies can cause a disruption of cortical-microfilament bundles and a dispersal of colonies of keratinocytes in lowcalcium medium (conditions under which cadherins and desmosomes are inactivated), suggesting roles for these PI integrins located at cell-cell contact areas in cell-cell interactions [25] . It may be relevant that the cytokine/growth factor termed scatter factor causes a similar disruption of microfilament bundles and a dispersal of this junctional association of PI integrins to a diffuse localization (S. S. Yamada, L. A. Thomas & K. M. Yamada, unpublished work; see also [29, 301) . These experiments suggest the possibility that changes in the distribution or function of B, integrins may play a role in the conversion of epithelia to migratory mesenchymal cells by molecules such as scatter factor.
In the future, comparisons of the roles of the many other specific integrin receptors in cell adhesion and migration should provide further insights into the mechanisms and regulation of these processes. Points remaining to be resolved include why there are so many integrins with overlapping specificities, why there is redundancy of function on individual cells, and whether regulation of the quantity or distribution of integrins can regulate cell behaviour. Studies of the roles of each cytoplasmic domain of integrin receptors and of possible signaltransduction mechanisms affecting biosynthesis of proteases and cell-cell interactions [ 3 1, 321, should also be of considerable interest. Finally, even though this paper has focused on the central cell-binding domain of fibronectin because of its importance for a wide variety of cell types, cell-type-specific mediators and modulators of fibronectin-mediated function are also important [S-8, 33-35] . The relative importance and possible regulation (by alternative splicing) of these functional sites remain to be elucidated, especially during embryonic development and wound healing.
Introduction
Cellular-adhesion mechanisms have been implicated in a wide variety of biological phenomena including thrombosis, wound healing, embryogenesis and cancer. Recently, significant progress has been made towards understanding the molecular basis of the adhesive interactions involved in these biological phenomena. In particular, a family of cell-adhesion receptors termed integrins has been defined that has been implicated in a variety of cell-cell and cell-matrix interactions [ 11. Integrins not only mediate cell-adhesion events but are also active in transmitting signals from the extracellular environment to the intracellular compartment [6-91. However, the a v subunit has the rather unique capacity of associating with a wide variety of subunits [lo-131. For example, it is now clear that av, expressed on most cell types, can associate with P l [ l l , 121, P3 , and the newly defined PS [lo, 14-17] and P6 [13] subunits.
Integrin-dependent cell adhesion regulates not only cell structure and morphology, but proliferation, differentiation and gene expression. Once bound to ligand, integrins typically promote the organization of the actin cytoskeleton leading to clustering of receptors into focal contact. Associated with these focal contacts are the ends of actin-filament stress fibres that provide the cell with shape
